Abstract It was recently shown that the conditioned media (CM) of Human Umbilical Cord Perivascular Cells (HUCPVCs), a mesenchymal progenitor population residing within the Wharton Jelly of the umbilical cord, was able to modulate in vitro the survival and viability of different neuronal and glial cells populations. In the present work, we aimed to assess if the secretome of HUCPVCs is able to 1) induce the differentiation of human telencephalon neural precursor cells (htNPCs) in vitro, and 2) modulate neural/glial proliferation, differentiation and survival in the dentate gyrus (DG) of adult rat hippocampus. For this purpose, two separate experimental setups were performed: 1) htNPCs were incubated with HUCPVCs-CM for 5 days after which neuronal differentiation was assessed and, 2) HUCPVCs, or their respective CM, were injected into the DG of young adult rats and their effects assessed 7 days later. Results revealed that the secretome of HUCPVCs was able to increase neuronal cell differentiation in vitro; indeed, higher densities of immature (DCX + cells) and mature neurons (MAP-2 + cells) were observed when htNPCs were incubated with the HUCPVCs-CM. Additionally, when HUCPVCs and their CM were injected in the DG, results revealed that both cells or CM were able to increase the endogenous proliferation (BrdU + cells) 7 days after injection. It was also possible to observe an increased number of newborn neurons (DCX + cells), upon injection of HUCPVCs or their respective CM. Finally western blot analysis revealed that after CM or HUCPVCs transplantation, there was an increase of fibroblast growth factor-2 (FGF-2) and, to a lesser extent, of nerve growth factor (NGF) in the DG tissue. Concluding, our results have shown that the transplantation of HUCPVCs or the administration of their secretome were able to potentiate neuronal survival and differentiation in vitro and in vivo.
Introduction
It is well established that the mammalian adult brain has the ability to generate new neurons [1] . In adult mammals, the active neurogenic process occurs mainly in the subependymal zone (SEZ) of the lateral ventricles and in the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) [2, 3] . Nevertheless, the fact that adult neurogenesis is restricted to specific brain regions implies a low regeneration capacity of the central nervous system (CNS) [4] . Therefore, there has been an increasing interest on the development of therapies to promote CNS regeneration. Several studies have proposed the use of adult stem cells as a possible tool for CNS regeneration, and within it, mesenchymal stem cells (MSCs) [4] [5] [6] have emerged as a promising therapeutic option [7] [8] [9] . In fact, over the last decade, there has been a substantial effort to assess the impact of MSCs for CNS repair [10] [11] [12] . Different studies have demonstrated that bone-marrow (BM-MSCs) and adipose stem cells (ASCs) produce a significant recovery of neurological impairments in animal models of stroke [13, 14] , demyelination [15, 16] , Parkinson's disease (PD) [17, 18] and spinal cord injury (SCI) [19, 20] .
The stem/progenitors cells present in the Wharton Jelly of the umbilical cord, known as Wharton Jelly Stem Cells (WJMSCs) and Human Umbilical Cord Perivascular Cells (HUCPVCs), have been suggested as possible populations of interest for CNS applications [21] [22] [23] . Like BM-MSCs and ASCs, these populations are also defined as MSCs [24] [25] [26] . They are plastic adherent, positive for MSCs' markers (CD73, CD90 and CD105), negative for hematopoietic markers (CD45, CD34, CD14) and they also have the capacity to differentiate towards osteogenic, chondrogenic, and adipogenic lineages [25] [26] [27] . Concerning its application into the CNS, Weiss and coworkers [28] revealed that MSCs isolated from the bulk of the porcine WJ matrix, were able to survive in the brains of rats after transplantation without concomitant immunosuppressive therapy. In addition, it was also shown that these stem cells were able to improve the condition of hemiparkinsonian rats [28] , to modulate the inflammatory brain reaction after global ischemia [29] as well as, to potentiate axonal regeneration on spinal cord injury (SCI) [30, 31] . However, little is known regarding the real mechanisms underlying the interactions between umbilical cord stem cell populations and the residing neuronal and glial cells. Recently, it has been suggested that most of the effects that may be promoted by these cells could be mediated by their secretome [23, [32] [33] [34] . For instance, in a stroke model, Koh et al. [35] and Ding et al. [36] showed that, after transplantation, MSCs were able to express granulocyte colonystimulating factor (G-CSF), vascular endothelial growth factor (VEGF), glial-derived neurotrophic factor (GDNF), stem cellderived factor 1 (SDF-1) and brain-derived neurotrophic factor (BNDF). Moreover, the authors considered that these growth factors were the main mediatiors for the neuroprotection and reduction of the lesion site as well as, for the improvement of animal behavior and neuroplasticity [35] . Similar findings were also reported in animal models of PD, demonstrating that after cell transplantation there was an increase on the local tissue expression of GDNF and fibroblast growth factor 20 , leading to the protection of tyrosine hydroxylase (TH) cells and to behavioral amelioration [28] . Adding to this, we have recently shown that the secretome of these cells was able to increase, in vitro, the survival of neuronal and glial populations through the secretion of different trophic factors and, possibly, extracellular vesicles [33, 37] . Thus, based on these results, we wanted to further explore if the secretome of mesenchymal progenitors isolated from the Wharton Jelly (HUCPVCs), would be able to: 1) induce neuronal differentiation of human telencephalon neural progenitors (htNPCs) and 2) modulate phenomena such as neuronal/glial survival and differentiation in the hippocampal neurogenic niche (DG), upon an injection in the form of conditioned media (CM) or after HUCPVCs transplantation.
Results revealed that the secretome of HUCPVCs was able to induce neuronal differentiation of htNPCs in vitro. Moreover, animals that were injected with the secretome of the cells under study into the hippocampal DG, displayed similar levels of proliferation, neuronal/glial survival and differentiation comparing to those transplanted with HUCPVCs. Finally the injection of the secretome also lead to an enhanced expression of FGF-2 in the resident DG.
Materials and Methods

Cell Culture
Isolation and Primary Culture of Human Umbilical Cord Perivascular Stem Cells (HUCPVCs)
HUCPVCs were obtained from Prof. John E. Davies (University of Toronto, Toronto Canada). Cells were isolated from umbilical cords collected after c-section, with the consent of parenting entities. The isolation of HUCPVCs was performed based on the protocol established by Sarugaser et al. [27] . Briefly, the umbilical cord was cut into small segments (4-5 cm) to expose both arteries and vein, rejecting the epithelium. Once isolated the vessels, with a sterilized suture, the ends of the vessels were fixed creating a short loop in order to reduce the contamination by erythrocytes. Vessels were then placed in a collagenase solution (0.5 mg/ml for arteries and 0.75 mg/ml for veins; Sigma, USA) and incubated at 37°C for a period of 16-18 h. Completed this period, the vessels were removed from the suspension and diluted in PBS without Mg . Subsequently, the culture medium was renewed every 3 days and the culture maintained at 37°C, 5 % CO 2 , 95 % air and 90 % relative humidity until confluence.
Mesenchymal phenotype of HUCPVCs was screened by differentiating them towards osteogenic and adipogenic lineages. Cells were incubated with Mesencult® MSC Basal medium supplemented with Mesencult® adipogenic stimulatory supplements or Mesencult® osteogenic kit (Stem Cell Technologies, Canada) during 2 weeks. At the end of this period, osteogenic differentiation was assessed through Alizarin Red staining (Sigma, USA), while adipogenic differentiation was assessed through Oil Red O staining (Sigma, USA).
HUCPVCs Conditioned Media (HUCPVCs-CM) Collection
The conditioned media (CM) used was collected from HUCPVCs cultures in passage five (P5) previously plated and kept at a density of 4 [38] [39] [40] . htNPCs were thawed at 37°C and the content placed in a T-25 flask (Nalge Nunc, Rochester, NY) containing 5 mL of a serum-free medium PPRFh2 [38] . After 2 days, the cells were harvested and mechanically dissociated into a single cell suspension, and subcultured into fresh cell growth medium (PPRF-h2). Every 4 days, the T-flaks were fed by replacing 40 % of the spent medium with fresh growth medium. After 14-20 days of growth in the culture flasks, htNPCs were passaged and plated on a pre-coated (poly-D-lysine hydrobromide (100 μg/mL) and laminin (10 μg/mL) -Sigma, USA) 24-well plate at a density of 1.0× 10 5 per well during 5 days with the HUCPVCs-CM at 37°C, 5 % CO 2 , 95 % air and 90 % relative humidity. Neurobasal A medium with 1 % of kanamycin was used as control group.
Stereotaxic Surgeries
All experiments were conducted using 8 weeks old male Wistar rats (Charles River, Spain). Consent from the Portuguese national authority for animal experimentation, Direção Geral de Veterinária (ID: DGV9457), was obtained before the experiments. Animals were kept and handled in accordance with the guidelines for the care and handling of laboratory animals in the Directive 2010/63/EU of the European Parliament and of the Council. The animals were housed and maintained in a controlled environment at 22-24°C and 55 % humidity, on 12 h light/dark cycles and fed with regular rodent's chow and tap water ad libitum. Animals were handled for 1 week prior to the beginning of the injections, in order to reduce the stress induced by the surgical procedures. For the cerebral injections three experimental groups were used (n=5/group): 1) Sham, 2) HUCPVCs and 3) HUCPVCs-CM. Adult rats were anesthetized with ketamine hydrochloride (150 mg/kg) plus medetomidine (0.3 mg/kg). Using a stereotaxic system (Stoelting, USA) and a Hamilton syringe (0.5 μl Hamilton, Switzerland) all injections made in these three groups were bilateral according to previously determined coordinates (Anterior/Posterior (AP)= 3.5 mm; Dorsal/Ventral (DV)=3.5/3.1 mm; Lateral (L)= 2.0 mm) [41] . Coordinates had been previously confirmed by a preliminary surgery with methylene blue injected into the desired area (data not shown). The volume injected per DG was 0.5 μl with a rate of injection of 0.25 μl per minute. Two minutes were allowed after each injection in order to avoid any backflow up the needle tract. Sham group was only injected with 0.5 μl of Neurobasal A medium; HUCPVCs group with 5.0×10 4 cells (in 0.5 μl of Neurobasal A medium) and finally, the CM group were injected with 0.5 μl of HUCPVCs-CM. At the end, the animals were sutured and then injected with 100 μl of anti-sedating (Orion Pharma, Finland) in order to recover from surgical procedure.
BrdU Administration and Histological Procedures
Adult rats received intraperitoneally (i.p.) 100 mg/kg of BrdU (Sigma, USA) 24 h before the sacrifice. 7 days after of the stereotaxic injection animals were anaesthetized with sodium pentobarbital (Eutasil, 60 mg/kg i.p.; Ceva Saúde Animal, Portugal) and perfused with paraformaldehyde (4 %) (Merck, Lisbon, Portugal) diluted in PBS (0,1x) in order to fix the tissues. Subsequently, the brains were stored in sucrose solution (30 %) before heading to histological processing.
Immunostaining htNPCs were fixed in 4 % paraformaldehyde for 15 min, and then permeabilized by incubation with 0.1 % Triton X-100 in PBS for 5 min at room temperature, and washed three times in PBS. hNPCs were then blocked with 10 % of fetal calf serum (FCS, Invitrogen, USA) in PBS, being followed by a 1 h incubation (at room temperature) with the primary antibodies: rabbit anti-doublecortin (DCX; 1:500, Abcam, USA) to detect immature neurons and mouse anti-rat microtubule associated protein-2 (MAP-2; 1:500, Sigma, USA) to detect mature neurons. htNPCs were then washed in PBS three times and incubated with the secondary antibodies namely, Alexa Fluor 488 goat anti-rabbit (IgG, Invitrogen, USA) and Alexa Fluor 594 goat anti-mouse immunoglobulin G (IgG; Invitrogen) during 1 h at room temperature. Finally a 10 min incubation with 4-6-diamidino-2-phenylindole-dihydrochloride (DAPI; Invitrogen, USA) was performed. Samples were then observed under an Olympus BX-61 Fluorescence Microscope (Olympus, Germany). For this purpose, three coverslips and ten representative fields per condition were chosen and analyzed. Results are shown as percentage of DCX or MAP-2 positive cells over the total number of cells per field of observation (n=3).
Regarding the in vivo experiment, coronal sections were obtained by vibrotome (VT1000S, Leica, Germany) with a thickness of 40 μm and processed as free-floating sections. As first approach, sections were permeabilized in PBS-T (0.2 %) (three times for 10 min), and were subsequently incubated with 10 % FCS/PBS during 2 h for endogenous blocking. After that, sections were incubated overnight at 4°C with primary antibodies namely, DCX (1:300) for immature neurons, rabbit anti-rat glial fibrillary acid protein (GFAP; 1:200 Millipore, USA) for astrocytes detection; Human nuclear antigen (HNA; 1:100, Millipore, USA) for HUCPVCs detection; and 5bromo-2-deoxyuridine (BrdU; 1:100, Abcam, USA) for proliferation. Sections were then incubated with secondary antibodies: Alexa Fluor 568 goat antimouse immunoglobulin G (IgG; Invitrogen, USA), Alexa Fluor 488 goat anti-rabbit (IgG, Invitrogen, USA) during 2 h at room temperature, followed by a 10 min incubation with DAPI. Images were obtained with a confocal microscope (Olympus FV1000, Germany) using the software FV10-ASW 2.0c (Olympus, Germany), presenting the hippocampal DG (five sections per animal were analyzed for a n=5/group). Then, SGZ/GCL area was defined and the cell counts were made in these areas.
Western Blot
Rat hippocampi (n=4/group) were homogenized in cold RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1 % SDS, 1 % NP-40, PMSF and a protease inhibitors cocktail (Complete; Roche). Protein concentration was determined using the Bradford assay (BioRad). Samples were sonicated for 5 min, boiled for 5 min at 100°C, and centrifuged for 10 s before loading. Fifty micrograms of total protein were loaded into 15 % SDS-Page gels and then transferred to nitrocellulose membranes. After overnight incubation at 4°C with the primary antibodies: rabbit anti-FGF2 (1:100, Abcam), rabbit anti-NGF (1:100, Abcam), the secondary antibodies were incubated 1 h at room temperature at the following dilutions: anti-rabbit (1:10.000, BioRad) and anti-mouse (1:15.000, BioRad). Antibody affinity was detected by chemiluminescence (ECL kit, BioRad). Band quantification was performed using ImageJ software according to the manufacturer's instructions using alpha-tubulin as the loading control.
Statistical Analysis
Statistical evaluation was performed using One-way ANOVA and Student's t-test through the program GraphPad Prism five (GraphPad Software Inc., La Jolla, CA, USA). Data is presented as mean ± standard deviation. Significance value was set at p<0.05.
Results
Characterization of HUCPVCs
The isolation of HUCPVCs from the perivascular region of the human umbilical cord has previously been reported [27] . In the present study, it was possible to observe HUCPVCs in culture, presenting the morphological characteristics typical of MSCs (Fig. 1a) . The differentiation into mesodermal lineages is considered another basic characteristic of MSCs [42, 43] . We were also able to observe the multipotent character of HUCPVCs, obtained through the differentiation towards the osteogenic (Fig. 1b , formation of bone nodules) and adipogenic (Fig. 1c , formation of fat droplets) lineages. These results confirm that HUCPVCs are capable to differentiate into different lineages similarly to other MSC populations [26, 44, 45] .
HUCPVCs-CM Induced Neuronal Differentiation of hNPCs in vitro
htNPCs grow as neurospheres in a serum-free medium, PPRFh2 (Fig. 2a) . However, when the growth medium is removed and replaced by the HUCPVCs-CM or Neurobasal A medium, htNPCs lose the neurosphere state and start to differentiate (Fig. 2b) . Immunocytochemistry analysis revealed that when htNPCs were incubated for 5 days with the HUCPVCs-CM there was a clear increase (p<0.01) of DCX positive (immature neurons; Fig. 3b/c ) and MAP-2 positive cells (mature neurons; Fig. 3e/f) densities when compared to control group (incubation with Neurobasal A medium), as the latter had almost undetected numbers of DCX and MAP-2 positive cells (Fig. 3a/d) . 
HUCPVCs and their CM Promoted Proliferation and Differentiation of Endogenous Progenitor Cells
To assess their role in vivo HUCPVCs (50.000 cells/ DG) and HUCPVCs-CM (0.5 μL/DG) were bilaterally injected into the hippocampal DG of adult rats without any concomitant immunosuppression therapy. As a first approach, we determined if HUCPVCs were able to survive into the DG 7 days after the transplantation. As it can be observed in Fig. 4a , the transplanted cells detected by immunostaining for human nuclear antigen (HNA), were able to survive in the DG 7 days after the transplantation.
In order to confirm proliferation and the cell type of the newly-born cells in the hippocampal DG, sections were immunostained with different markers. BrdUpositive cells were found mainly in the SGZ of the hippocampus. We first verified if the proliferating cells could be derived from HUCPVCs, but no positive colabeling between BrdU and HNA was observed (Fig. 4b) . Nevertheless, the analysis of the cell proliferation in the DG, revealed a significant increase in the number of BrdU + cells within the HUCPVCs-injected DG (p<0.05; Fig. 4c ) when compared to the control group (Sham, Fig. 4c ). Similar findings were observed in the group injected with HUCPVCs-CM, (p < 0.05, Fig. 4c ).
After observing that HUCPVCs and their respective CM were able to stimulate the proliferation in the DG, we next aimed to determine their effects on the differentiation of DG resident cells. 7 days post-injection it was observed that both HUCPVCs (Fig. 5b) and their CM (Fig. 5c ) were able to increase (p < 0.05) the number of DCXexpressing cells in the SGZ (Fig. 5d ) when compared to the Sham group (Figs. 5a) ; for the GCL, differences were only observed between HUCPVCs-CM and sham groups, respectively (Fig. 5e, p<0.05 ). Regarding the effects on the astrocytic cell densities (Fig. 6a-c) , differences were only observed (p < 0.05) for the HUCPVCs-CM group in the SGZ (Fig. 6d) . No differences were observed in the GCL.
Expression of Trophic Factors after HUCPVCs/HUCPVCs-CM Transplantation or Injection
In order to stimulate the endogenous proliferation as well as to increase the number of neuronal/glial cell populations, HUCPVCs or their CM must be able to modulate the surrounding environment through direct interaction or paracrine action [45] . Therefore the levels of FGF-2 and NGF in the DG were determined. Western blot analysis (Fig. 7) revealed that levels of FGF-2 were significantly increased when compared to those obtained by the Sham group (p<0.05; Figs. 7a/b). 
Discussion
The use of MSCs-based therapies as a new strategy for CNS regeneration constitutes one of the biggest challenges for regenerative medicine. Different reports have shown that the release of paracrine factors and extracellular vesicles is the main route by which MSCs can mediate improvements in the CNS [34] . Within the different MSCs based populations, HUCPVCs have been described as an attractive and readily available alternative source of MSCs for cell therapy [27] . Indeed, studies have shown that HUCPVCs have a higher clonogenic frequency and display a robust self-renewing capacity. Additionally, they have also shown to possess multilineage differentiation [46, 47] , as confirmed in the present report (Fig. 1) . Moreover, previous results from our laboratory revealed that the secretome of these cells was able to induce and increase the cell survival and densities of different (hippocampal, cortical and cerebellar) neuronal and glial cells [23, 33, 37, 48] . The initial in vitro experiments performed in the present report revealed that the secretome of HUCPVCs could also modulate the differentiation of CNS derived cells. Indeed, as shown in Fig. 3 when htNPCs were incubated with HUCPVCs-CM an increased differentiation of htNPCs into neuronal lineages (immature (DCX + ) and mature (MAP-2 + ) neurons) was observed. Previous work from Ribeiro et al. [33] had already shown that these cells have a strong expression of NGF, which is most likely playing a strong role on the observed effects.
In vivo experiments revealed that HUCPVCs were able to boost cell proliferation within the DG 7 days after injection, as assessed by the number of BrdU + cells (Fig. 4c) . Similar outcomes were reported by Munoz and colleagues [49] after Fig. 7 Injection of HUCPVCs-CM increased the expression of neurotrophic factors in vivo. By Western blot it was possible to observe that HUCPVCs-CM was able to increase the secretion of (a) FGF-2 in the DG tissue (b, statistically significant to the Sham group; mean ± SD, n=4, p<0.05). It was also observed a slightly increase in the levels of (c) NGF, although no statistically significant differences were observed when compared to the Sham group. SH (Sham), HU (HUCPVCs), HU-CM (HUCPVCs conditioned media) BM-MSCs transplantation in the DG, being this finding attributed to the secretion of growth factors and chemokines; this hypothesis was, in fact, confirmed in the present study. Indeed, as shown in Fig. 4c , the application of CM discloses similar levels of cell proliferation to those obtained by the cell transplanted group. This is a strong indicator that the secretome, per se, regulates such phenomena.
Similar effects were also observed regarding neuronal differentiation. Indeed, 7 days after injection of HUCPVCs, or their respective CM, it was possible to observe a significantly increase number of immature neurons (DCX + cells) in the SGZ (Fig. 5d) . This is in line with the findings of Tfilin and colleagues [50] , who transplanted BM-MSCs into the hippocampal DG, and observed that after the transplantation there were increasing numbers of DCX-expressing cells, indicating the differentiation of newly formed neurons. Curiously, in the present study it was observed, that the CM, and not the cells, was also able to increase significantly the number of DCXexpressing cells into the GCL (Fig. 5e) , suggesting that the secretome could stimulate the migration of these newly-born neurons within the DG. We hypothesized that these effects are related with the increased expression of FGF-2 in the CM injected group (Fig. 7a/b) . Indeed, the latter is considered to be a potent modulator of the early phases of neurogenesis, being able to support not only the proliferation as well as, to enhance the survival and neuronal/glial maturation [45, 50] . The small increase of NGF in the DG tissue (Fig. 7a/c) could also impact on these phenomena [49, [51] [52] [53] . Nevertheless, although proteomic studies are still scarce to explain the functional effects of MSCs secretome (including that of HUCPVCs as well), previous studies from our group have revealed, through the use of targeted and non-targeted proteomic-based techniques, the presence of important molecules for CNS physiology, within it [33, 37] . For instance, Ribeiro and colleagues [33] demonstrated that HUCPVCs were able to robustly secrete NGF, an important neurotrophin for the support of neuronal/ glial cell survival [51, 52] . In a subsequent study, it was also possible to observe that HUCPVCs were also able to secrete important intracellular proteins such as 14-3-3, Hsp70 and UCHL1, which are known for their important roles in the induction of cell proliferation, survival and differentiation, including in cells derived from the CNS [54] [55] [56] . Therefore it is possible that these molecules are playing a role on the phenomena exerted in vivo by HUCPVCs secretome.
Conclusions
In the present work it was demonstrated that the secretome of HUCPVCs, a MSC based population within the Wharton Jelly of the umbilical cord, was able to induce neuronal differentiation of human neural progenitors into neurons in different stages of maturation. Additionally, in vivo injections into the hippocampal DG, a known neurogenic niche, revealed that both HUCPVCs or CM injected groups, had increased levels of BrdU + cells (proliferation) and newly differentiated neurons (DCX + ), when compared to sham animals. These outcomes can be associated with the expression of FGF-2 and other proteins, which have been previously shown to constitute part of the secretome of these cells. These results suggest that the secretome (alone) of a MSC-like population is able to modulate neural progenitor proliferation and differentiation, which may open new therapeutic opportunities in the future.
